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 Isochrysis galbana was grown in batch,
intermittent fed-batch and semi-
continuous mode.
 Increased biomass productivity was
observed for CO2 enriched medium.
 The intermittent fed-batch mode was
proved to be useful for lipid
accumulation.
 Irradiance, C:N ratio and replacement
time exhibit greatest impact on
productivity.
 The semi-continuous mode showed
superior productivities of biomass
and lipids.g r a p h i c a l a b s t r a c ta r t i c l e i n f o
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Aiming at enhanced performance to increase economic feasibility of microalgae based processes, Isochr-
ysis galbana was grown in three modes of cultivation: batch, intermittent fed batch and semi-continuous.
The batch mode was conducted under two regimes of aeration: conventional aeration and CO2 enriched
aeration (5% v/v in air). Increased biomass productivity without signiﬁcant impact on lipid accumulation
was observed for CO2 enriched aeration relatively to cultivation aerated with air only. The intermittent
fed batch cultivation policy was proven to be useful for lipid accumulation, increasing the lipid content
by 19.8%. However, the semi-continuous mode resulted in higher productivity due to increased biomass
concentration; the biomass productivity reached 0.51 g/(L d). Fluorescence measurements were per-
formed; the calculated low electron transport rate showed the need to increase the irradiance. The results
showed that I. galbana can be grown in semi-continuous condition at high levels of biomass productivity.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Microalgal biomass has potential applications as an alternative
feedstock for the biofuels industry as well as a source of biomateri-
als of high economic value (Daroch et al., 2013). Additionally, mic-
roalgae culture systems are technological candidates for abating
CO2 emissions. On the other hand, microalgae cultures exhibit seri-
ous drawbacks for large scale implementation yet to be betterunderstood. Such problems encompass several issues which are
connected to production costs, ﬁnal product value and downstream
processing (Picardo et al., 2013). The reduction of production costs
is directly linked to lipid productivity, the product of biomass pro-
ductivity (g/(L d)) and the mass fraction of lipids in the cell. In this
scenario, species of high lipid content have been introduced, such as
Botryococcus braunii that can accumulate 50% of its cell dry weight
in terms of lipids (Dayananda et al., 2007). Species with a high cell
division rate, but with reduced lipid content, were also considered
such as Chlorella in mixotrophic culture (Lee, 2001). Grifﬁths and
Harrison (2009) after screening species for biodiesel production
pointed out the need to have both factors together, and concluded
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rather than by lipid content in the cell.
The adopted culture mode directly inﬂuences the yield due to
its impact on growth rate and biochemical output (Ho et al.,
2012). Although continuous processes are widespread for large
scale chemical processes (Turton et al., 2009), batch, fed batch
and semi-continuous operations are traditionally used in biotech-
nological applications. These regimes facilitate control of stress
conditions, such as nutrient restriction, self-shading and growth
inhibitors, and could be successfully implemented to increase oil
and biomass productivities (Cerón-García et al., 2013; Hsieh and
Wu, 2009). Furthermore, some microalgae species cultured with
CO2 enriched aeration show improved biomass and/or lipid yields,
which has been associated to the increased CO2 availability to cells
(Chiu et al., 2009).
Isochrysis galbana is a marine microalgae utilized in the aqua-
culture industry (Coutinho et al., 2006). In an earlier work (Picardo
et al., 2013), this species was indicated as promising renewable
raw material through an in silico screening procedure, in which
various metrics of biochemical performance of a microalgae spe-
cies were quantiﬁed and taken simultaneously into account, such
as performance in carbon sequestration, biomass productivity,
lipid productivity, cell lipid content, biomass heat value, and
potential of use as a green chemical feedstock for large scale
production of Syngas and H2. In terms of the aspects considered
in this study, I. galbana presented high division rate, moderate lipid
accumulation – resulting in high lipid productivity – and
signiﬁcant content of valuable chemicals such as omega-3 fatty
acids. Furthermore, Bhatti et al. (2002) reported that I. galbana
assimilates carbon by active transport of CO2 and HCO

3 , and that
expresses an external carbonic anhydrase. In addition, higher divi-
sion rates under CO2 enriched aeration were reported (Yingying
and Changhai, 2009).
The aim of the present work was to investigate the impact of
batch culture modes and aeration regimes on biomass and lipid
productivity of I. galbana. To accomplish this, experiments were
run using an indoor photobioreactor operated under batch, inter-
mittent fed batch and semi-continuous operation modes. The last
two operation modes were applied with 5% v/v CO2 enriched aera-
tion, whereas the pure batch mode was tested with two aeration
regimes: conventional air and 5% v/v CO2 enriched air.2. Methods
2.1. Organism and culture conditions
The strain I. galbana was provided by the Elizabeth Aidar
Microalgae Collection, Department of Marine Biology, Federal Flu-
minense University, Brazil. Cells were grown in enriched artiﬁcial
seawater (33 g/L, Ocean Fish – Prodac) with F/2 medium
(Guillard, 1975) without silicates. In each experiment conduced
in this study, microalgae passed through two sequential phases
of growth: the preparation phase and the cultivation phase.
In the preparation phase, cells were batch-cultured in 500 mL
Erlenmeyer ﬂasks containing 250 mL of medium, subsequently
transferred to 3 L Erlenmeyer ﬂasks containing 1.75 L of medium.
Culture ﬂasks were maintained at 25 C under a 12:12 h photope-
riod with light intensity of 70 lmol photons/(m2 s) provided by
ﬂuorescent bulbs. Flasks were gassed with ﬁltered air pumped by
aquarium compressors with 800 cm3/min airﬂow. These cultures
were used in the late exponential growth phase as starter cultures
in a bench scale photobioreactor cultivation phase.
In the cultivation phase, the starter culture was transferred to a
2 L photobioreactor with aeration and temperature control.
Cultivation was conducted via one out of three different opera-tional modes: batch, intermittent fed batch and semi-continuous
modes, as described in the following Sections 2.2–2.4. The rate of
air supply was controlled by a gas ﬂow meter (Moriya, 0–15 L/
min). CO2 ﬂow rate was established by a digital ﬂow controller
(4–20 mA signal mass ﬂow controller Aaborg 0–200 mL/min).
CO2 concentration in the bubbling gas was periodically checked
via a digital CO2 sensor (ENMET). Reactor temperature was main-
tained at 25–26 C by circulating cooling water through a steel
U-shaped tube immersed in the culture medium, provided by a
thermostatic bath with external circulation and temperature con-
trol (QUIMIS, Q214M2). A glass diffuser allowed air dispersion into
the culture as small bubbles. A sensor of dissolved oxygen provided
constant monitoring of O2 concentration and temperature. The
reactor was exposed to lateral illumination provided by ﬂuorescent
lamps under 12:12 h light:dark cycle. The radiance available for
photosynthesis was measured near the surface of the culture ves-
sel at 70 lmol photons/(m2 s), with a quantum sensor coupled to
an integrator radiometer (LI250A, LiCor Inc., USA).
2.2. Batch cultivation mode
The cultivation phase was conducted in batch mode with con-
ventional aeration (pure air) and with 5% v/v CO2 enriched aeration.
Both cultures were initiated at 0.002 g/L biomass concentration
(60,000 cell/mL) and performed over a period of 13 days with 2 L
of medium. Irradiance of 70 lmol photons/(m2 s) was measured
at the reactor external surface under a 12:12 h light:dark cycle. In
the ﬁrst three days, the reactor was gassed with aquarium pumps
at low air ﬂow (800 cm3/min), then full aeration followed with
compressed air (2 L/min ﬂow rate) in two situations: pure air and
air enriched with CO2 at 5% v/v. Temperature was maintained in
the range 25–26 C. For the CO2 enriched aeration, the initial nitrate
concentration was replenished at the 8th day of cultivation. At the
end of growth, under the two aeration regimes, the biomass was
centrifuged and lyophilized for analysis of the biochemical
composition.
2.3. Intermittent fed batch cultivation mode
The cultivation phase in intermittent fed batch mode was con-
ducted during 21 days in the temperature range of 25–26 C with
5% v/v CO2 enriched aeration at 2 L/min. Light intensity was set
at 70 lmol photons/(m2 s) with 12 h photoperiod. The initial bio-
mass concentration was 0.004 g/L (1.3  105 cell/mL) with 2 L of
medium. To avoid limitation of growth due to nutrients depletion,
nitrate concentration was monitored in a daily basis. When this va-
lue dropped below 65 lM, the concentrations of all F/2 medium
nutrients were replenished to the initial values. The ﬁrst nutrient
replacement occurred on the 10th day and again on the 14th,
16th and 18th days of culturing.
2.4. Semi-continuous cultivation mode
Semi-continuous cultivation was started from the end of the
Intermittent fed batch cultivation mode (21st day). Previous condi-
tions of temperature, irradiance, photoperiod and aeration were
kept constant. In this mode, half of the cell suspension was with-
drawn each 2 or 3 days and replaced by an equal volume of fresh
growth medium. The concentration of added nutrients was dou-
bled when the cell suspension was withdrawn after 3 days of unin-
terrupted growth.
2.5. Biomass harvesting and drying
At the end of experiments, cells were centrifuged at 5000 rpm
for 15 min at 20 C. Before the last centrifugation, cells were
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pellets were lyophilized at 50 C and stored in vacuum desicca-
tors until analysis.
2.6. Measurements of cell density
Cell growth was measured in daily basis via direct microscopic
cell counting in culture samples by using a Fuchs-Rosenthal Haem-
ocytometer, after treating with Lugol’s solution. Growth rates were
calculated via Eq. (1):
dX
dt
¼ l X½  ð1Þ
where X is biomass concentration (cell/mL) and l is the speciﬁc
growth rate.
The dry mass of cells was determined according to Zhu and Lee
(1997). An aliquot of 50 mL of algal suspension was centrifuged at
5000g for 15 min at 20 C. Cells were re-suspended in 2 mL of
supernatant and ﬁltered through glass ﬁber ﬁlter (0.47 lm poros-
ity, SARTORIUS), which was previously heated at 400 C for 4 h,
cooled down in a vacuum desiccator and weighted. Filters with
biomass were dried at 80 C to constant weight, giving the dry
mass of cells (g/L). The medium with re-suspended cells was di-
luted for cell counting, allowing a relationship between dry bio-
mass and number of cells. Absorbance measurements at 750 nm
(BIOESPECTRO, model SP-220) were recorded leading to a linear
formula (R2 = 0.98) for cell concentration X (g/L) in Eq. (2):
X ¼ OD750  0:0085ð Þ=2:5547 ð2Þ2.7. Residual nitrate analysis
Nitrate concentration (mM) in the culture medium was deter-
mined by UV spectroscopy at 220 nm according to Collos et al.
(1999). Culture samples were diluted and ﬁltered under low pres-
sure through cellulose with 0.45 lm porosity. Nitrate concentra-
tion (mM) was obtained in the ﬁltrate via a calibration curve
ranging from 0 to 0.16 mM of potassium nitrate.
2.8. Chemical analysis of biomass
Cell contents of total carbohydrates, lipids and proteins were
determined via standard procedures. Analysis of total carbohydrate
was based on phenol–sulfuric acid method (Dubois et al., 1956).
The dry biomass (10–30 mg) was digested in concentrated H2SO4
for 20 h at 5 C. After diluted, thematerial was ﬁltered through glass
ﬁber ﬁlters and 1 ml of the ﬁltrate was used for total carbohydrate
determination, using glucose as standard. Lipid determination was
conducted according to Folch et al. (1957). Total lipids were ex-
tracted from a sample of dry biomass (80–100 mg) by chloro-
form–methanol solvent (2:1 v/v) with 20:1 solvent/sample ratio.
The mass of total lipids was determined gravimetrically after sol-
vent evaporation. Protein content in the biomass was obtained by
multiplying the total nitrogen in biomass by 4.62, a speciﬁc nitro-
gen-to-protein conversion factor proposed by Lourenço et al.
(1998). The total nitrogen in the biomass was determined by CHN
elemental analysis (Perkin-Elmer CHN analyzer, model 2400).
2.9. Chlorophyll-a ﬂuorescence measurements
Chlorophyll ﬂuorescence was measured with a submersible div-
ing-PAM system (Walz, Effeltrich, Germany), equipped with a blue
LED 470 nm. A weak probe of modulated light elicits the minimal
ﬂuorescence level in the 20 min dark-adapted sample (Fo). The
maximum ﬂuorescence level (Fm) was detected after a saturating
pulse of actinic light (5000 lmol photons/(m2 s)), which is sufﬁ-cient to close all reaction centers and drive photochemical quench-
ing to zero. Variable ﬂuorescence of dark-adapted samples (Fv) was
calculated from Fm to Fo. The maximum quantum efﬁciency of PS-II
photochemistry was obtained as Fv/Fm. The effective quantum efﬁ-
ciency was assessed in the absence of dark adaptation, through
in situ chlorophyll ﬂuorescence measurements performed in the
center (5 lmol photons/(m2 s)), as well as at the inner surface
(40 lmol photons/(m2 s)) of the reactor. The steady-state ﬂuores-
cence emission (Fs) was obtained in these light-adapted cells, and
maximum ﬂuorescence signal ðF 0mÞwas determined after a saturat-
ing pulse of actinic light. Then, the actual quantum efﬁciency of PS-
II was obtained as UPSII ¼ F 0m  Fs=F 0m. This parameter can be used
to measure the electron transport rate (ETR) between PSII and PSI,
which gives an indication of the global photosynthesis. ETR was
calculated via Eq. (3) (Genty et al., 1989).
ETR ¼ k1  /PSII  k2  PAR ð3Þ
where UPS-II is the effective PS-II quantum yield, k1 is the correction
for two photosystems adopted as 0.5, PAR is the photosynthetically
active radiation (lmol photons/(m2 s)), and k2 is the absorption
coefﬁcient, assumed as 0.84. Photosynthetic activity was assessed
using rapid-light curves (RLC), where samples were exposed to
eight incremental steps of irradiance from 0 to 1100 lmol pho-
tons/(m2 s). During the RLC measurements, samples were exposed
to incremental steps of irradiance, each step having time length of
10 s, to determine Fs. At the end of each irradiance level, samples
were submitted to a saturating pulse of actinic light (5000 lmol
photons/(m2 s)) for F 0m measurement.
2.10. Statistical analysis
Statistical analysis of sampling is used in this work to handle
uncertainties of measurements, prediction of random behaviors
and inference of correct values, accordingly to Himmelblau
(1970). In the development of the analysis, statistical symbols were
introduced: Eð:Þ ; VARð:Þ ; COVð:Þ ; Nðh;r2Þ; v2m ; tm, which denote,
respectively, operators of expectancy, variance, variance–covari-
ance, normal distribution with mean h and variance r2; v square
and t-student distributions, both with m degrees of freedom. Let a
collection of n observations of an experiment variable be X1, X2,
. . ., Xn. This collection (which can be expressed as a vector X with
size n x 1) may refer to samples of any measured (dependent) var-
iable in this work, such as the dry mass (g/L) of microalgae at a gi-
ven time of growth, in a given culture. It is assumed that observed
values Xk are mutually independent and normally distributed
around correct (unknown) value hwith (unknown) correct variance
r2; i.e., Xk ! Nðh;r2Þ ; EðXkÞ ¼ h ; COVðXÞ ¼ r2I. The main intent is
to estimate or infer h and r2 in order to address correct values and/
or uncertainties of observations. At the outset, statistics sample
mean, sample variance and sample standard deviation are respec-
tively, introduced in Eq. (4):
hXi 
Xn
k¼1
Xk
 !
n;
S2X 
Xn
k¼1
ðXk  hXiÞ2
 !
=ðn 1Þ; SX 
ﬃﬃﬃﬃﬃ
S2X
q
ð4Þ
It can be shown (Himmelblau, 1970) that the following behav-
iors (Eq. (5)) emerge:
hXi ! Nðh;r2=nÞ ; ðn 1ÞS2X=r2 ! v2m¼n1 ; COVðhXi; S2XÞ ¼ 0 ð5Þ
This implies the properties shown in Eq. (6), which grant that
hXi and S2X are unbiased and coherent (best) estimators of h and
r2, respectively the correct value of observations and the square
of the correct standard deviation of observations:
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¼ 2r4=ðn 1Þ ð6Þ
With Eqs. (5) and (6) and the t Theorem (Himmelblau, 1970), it
can be shown that:
ðhXi  hÞ=
ﬃﬃﬃﬃﬃ
S2X
q
! tm¼n1 ð7Þ
Eq. (7) allows inference of h in terms of Conﬁdence Intervals
with high probability. Let a be chosen as 0.1, 0.05, 0.01, etc. If
t1-a/2 is the abscissa on the symmetrical distribution tm=n-1 such that
Probðt1a=2  t  t1a=2Þ ¼ 1 a, then the correct value h can be
located in the neighborhood of hXi by means of the Conﬁdence
Interval with Probability 1-a given in Eq. (8):
hXi  t1a=2
ﬃﬃﬃﬃﬃ
S2X
q
 h  hXi þ t1a=2
ﬃﬃﬃﬃﬃ
S2X
q
ð8Þ
Formula (8) is extensively used throughout this work to estab-
lish 95% Probability (i.e., a = 0.05) Conﬁdence Intervals for correct
values of all observed variables. The dependent variables were
observed by means of three independent replicas (n = 3). All correct
values of variables (h) were estimated via hXi in Eq. (4). Standard
deviations of observed values (r) were estimated via SX ¼
ﬃﬃﬃﬃﬃ
S2X
q
in
Eq. (4). On the graphics presenting experimental results, the loca-
tion of correct values can be inferred from 95% conﬁdence intervals
via Eq. (8) and from ± one standard deviation SX from hXi. In this
work, standard deviation values are numerically expressed with
a ±sign.3. Results and discussion
3.1. Batch cultivation mode
Growth curves and nitrate consumption in batch cultures, aer-
ated with air only and air enriched with CO2 (5% v/v) are presented
in Fig. 1a–d.
The cell density reached 0.25 ± 0.015 g/L with conventional aer-
ation, whereas a cell density of 0.42 ± 0.021 g/L resulted from the
same aeration ﬂow with 5% v/v CO2 enriched air. The speciﬁc
growth rate ranged from 1.1 to 0.96 d1 in the ﬁrst days of cultiva-
tion (exponential phase), when both cultures were aerated with air
only. The increase in cell density is due not only to CO2 enriched
aeration, but also to nitrate replacement in the growth medium,
which was done on the 8th day of culture (Fig. 1d) by adjusting ni-
trate concentration to approximately 0.85 mM. The procedure of
nitrate replacement entailed a speciﬁc growth rate of 0.34 d1.
Many factors affect cell growth rate, such as nutrient availabil-
ity, light intensity and pH. Also CO2 enriched air and nitrate
replacement resulted in a higher cell density. However, other
nutrients such as phosphate and iron are needed to maintain cell
replication. Liu et al. (2008) conducted experiments of iron and ni-
trate addition to Chlorella vulgaris cultivation in the late exponen-
tial phase. They observed that iron addition (Fe3+) extended the
exponential growth phase and increased the ﬁnal cell density,
which did not occur when only nitrate was replaced in the culture.
The lack of trace metals in the medium like molybdenum, cobalt
and manganese, also causes a decrease in growth rate (Chen
et al., 2011). Phosphorus is an essential medium component which
participates in several cell processes such as the mechanisms of en-
ergy storage/release (ATP/ADP), the structural bonds of DNA and
RNA and the construction of cytoplasm membrane (phospholip-
ids). The N:P ratio in the F/2 medium is 15, but a lower concentra-
tion of phosphate in the medium leads to lower cell density as
observed by Yingying and Changhai (2009). These authors used dif-
ferent concentrations of phosphate (5–1000 lmol/L) in cultivationof I. galbana and achieved a higher cell density when 500 lmol/L of
phosphate was employed. However, the policy of phosphate
replacement apparently does not impact cellular growth signiﬁ-
cantly. According to Chen et al. (2011), the accumulation of intra-
cellular polyphosphate, a mechanism known as Luxury uptake,
allows cell to grow in the absence of phosphate (Powell et al.,
2008) as occurred before replenishment of the medium. The nitrate
uptake rate was approximately 31 fmol NO3/(cell d) in both batch
cultures. However, after nitrate replacement, this rate rose to
36 fmol NO3/(cell d) (Fig. 1b and d) probably due to increase in
the cell density.
With conventional aeration the pH of the culture medium was
observed in the range of 8.5–9.0 (±0.1). In this case, the pH did
not show a signiﬁcant variation in the exponential phase of
growth, but showed a slight change at the end of cultivation, reach-
ing 9.3.
On the other hand, at the beginning of the CO2 enriched aera-
tion, there was acidiﬁcation of the medium causing a rapid fall of
pH to 6.6 in the ﬁrst day, rising to 6.8 in the next day and then
remaining between 7.0 and 7.5. In the initial days under admit-
tance of CO2, it was observed not only a decrease in pH, but also
an increase of the CO2 concentration in the monitored outlet of
air from the reactor (4.8% v/v). During the following days of cul-
ture, CO2 concentration in the reactor outlet declined whereas
pH stayed in the range of neutrality.
When pH is in the range of 6.0–9.0, bicarbonate ðHCO3 Þ is the
predominant inorganic carbon species in solution, thus external
carbonic anhydrase (ACext) is enabled and bicarbonate is used as
a source of inorganic carbon (IC) for photosynthesis (Camiro-Vargas
et al., 2005). Species exhibiting ACext – such as I. galbana – have the
advantage of acquiring IC in both forms (CO2 and HCO

3 ). Yingying
and Changhai (2009) reported that CO2 enrichment increased cell
density cultivation of I. galbana, but the activity of ACext decreased
with increasing CO2 concentration in the medium. According to
Bhatti et al. (2002), pH differences between the intracellular and
marine environments complicate CO2 uptake by simple diffusion
because sea pH is around 8.2 and the cytosolic pH lays around
7.0–7.2. The inorganic carbon concentration mechanism (CCM) in
marine species keeps the concentration of IC within the cell in the
marine pH range. However, if the pH is low (5.0–7.0) the uptake
of CO2 occurs by diffusion while active CO2 uptake is suppressed.
In the present work, the increase in CO2 concentration in the med-
iummaintained the pH in the range of 7.0–7.6, as the expression of
external carbonic anhydrase is repressed in I. galbana by high con-
centrations of CO2. Under such conditions, the active transport of
HCO3 is not observed. However, I. galbana is able to carry both
forms of IC in the presence of high CO2 concentrations (Bhatti
et al., 2002; Moazami-Goudarzi and Colman, 2012). This is an
advantage of some species, I. galbana included, which makes them
able to grow in a wide range of pH.
The biomass composition was analyzed at the end of the batch
cultures and is presented in Fig. 1e. The biomass carbohydrate con-
tent was 29.43% (±0.58) in cultivation without CO2 enrichment,
while lipid concentration showed a small increase in the batch
with CO2 enriched aeration, reaching 18.1% (±2.48) in dry mass. To-
tal protein concentration was higher in CO2-enriched culture, total-
ing 24.32% (±1.31) in dry mass. Araujo et al. (2005) cultivating
Chaetoceros cf. wighamii observed that CO2 addition increased the
protein content in the biomass while carbohydrate content de-
creased when compared to a culture aerated with air only. The
authors also observed that lipid content was not signiﬁcantly af-
fected by CO2 addition.
Nitrate replacement on CO2 enriched cultivation resulted in
higher protein content than that of carbohydrates and lipids. But,
when compared to the non-enriched culture, lipid accumulation
was slightly higher, suggesting stimulation of lipids production
Fig. 1. Batch mode experiments with Isochrysis galbana cultured in F/2 medium with a gas rate of 2 L/min, with air (GA) and 5% (v/v) CO2 enriched air (GACO2). (a) Biomass
concentration (g/L) GA; (b) residual nitrate concentration (mM) GA; (c) biomass concentration (g/L) GACO2; (d) residual nitrate concentration (mM) GACO2, where arrow
indicates nitrate replacement; (e) dry biomass composition (% w/w) at the 13th day for GA and GACO2: carbohydrates, lipids and proteins for GA (items 1–3, respectively) and
for GACO2 (items 4–6, respectively). Symbols: s (observed experimental data), — (line connecting averaged observed data), . . . (dotted line indicating lower and upper
standard deviation), - - - (dashed line indicating lower and upper conﬁdence limits, for 95% probability and t0.975 = 4.3027).
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molecules with the role of energy storage in the cell, such as carbo-
hydrates and triglycerides, are primarily produced in the stationary
growth phase. When cell divides, the entire metabolic apparatus is
oriented to protein production and energy utilization in the forma-
tion of new cells. Fidalgo et al. (1998) used different sources of
nitrogen (NO3 , NO

2 , urea) for I. galbana cultivation and observed
that biochemical composition of the cell was more sensitive to
phase of growth than to nitrogen source. Furthermore, not only lip-
ids concentration, but also the type of lipids varied with culture
age. In other words, phospholipids (polar lipids) are produced dur-
ing the exponential phase, while triglycerides are accumulated in
the stationary growth phase. Raghavan et al. (2008), studying the
variation in biochemical composition of microalgae Chaetoceros
calcitrans under CO2 enrichment, pointed to the possibility of the
cell to invest excess inorganic carbon in protein synthesis and
growth rather than in lipids and carbohydrates reserves. Chu
et al. (1996) studying Nitzschia inconspicua autotrophic and hetero-
trophic cultivation, reported an increase of lipids concentration in
cultures enriched with 5% CO2 compared to heterotrophic cultures
with glucose and acetate. Carbon allocation in the organic pool de-
pends on the C:N ratio in the culture medium and on the physio-
logical and genetic characteristics of the cell like its capacity to
store and use efﬁciently nitrogen, its respiratory requirements,
etc. (Palmucci et al., 2011).
In the present work, the cultivation with CO2 enriched aeration
showed an excess of carbon that was slightly directed to lipids
accumulation. However, with sustained nitrate in the medium
(due to replacement occurring on the 8th day), the main macro-
molecules showed a balance in their contents. In the culture aer-
ated with air only, nitrate was depleted in the medium, and
inorganic carbon from the air was directed to accumulation as car-
bohydrates. Palmucci et al. (2011) observed for small cells a ten-
dency towards lipids accumulation in N-depleted media.
Although I. galbana is a small cell (5–7 lm), the present study evi-
denced that the excess of inorganic carbon was mainly invested in
polysaccharides.
3.2. Intermittent fed batch cultivation mode
Fig. 2 shows proﬁles of cell growth (a) and nitrate concentration
(b) with Intermittent fed batch cultivation mode.
The fed batch culture reached a ﬁnal biomass concentration of
1.88 ± 0.25 g/L. The speciﬁc growth rate of the exponential phase
was 1.12 d1. With nutrients replacement, the maximum speciﬁc
growth rate attained 0.28 d1. The nutrients addition during the
cultivation maintained cell growth, although not exponentially,
allowing increased productivity.
After 4 days from the ﬁrst addition of nutrients (10th day), cell
grew to 0.15 ± 0.06 g/L. After the second addition of nutrients (14th
day), cell concentration reached 0.33 ± 0.09 g/L in 2 days. With the
third addition of nutrients (16th day), a concentration of
0.64 ± 0.15 g/L was attained also in 2 days of culture. This behavior
demonstrates a metabolic response towards adaptation to a condi-
tion of availability of nutrient in the medium. The ﬁrst addition oc-
curred in stationary phase, such that nutrient availability allowed
sustained cellular metabolism. On the other hand, the subsequent
nutrient replacements showed a tendency of cells to restore
growth rate, signiﬁcantly increasing the population size.
The pH proﬁle showed an initial fall from 8.5 to 6.7 with the
start of CO2 enriched aeration, remaining constant in the ﬁrst
2 days of cultivation and stabilizing around 7.3–7.6.
The biochemical composition in terms of lipids and carbohy-
drates was 37.9 ± 1.22% and 27.31 ± 0.70% (% in dry biomass),
respectively, with a lipid yield of 0.0505 ± 0.0079 g/(L d) at the
end of cultivation. Cell lipid content was 19.8% higher than thebatch experiment without nutrients addition. According to Hsieh
and Wu (2009), regulation of nutrient feed rates to increase pro-
ductivity can in fact be achieved with fed batch cultivation. An
intermittent fed batch mode of cultivation, where nutrients are
added in a short interval of time and are consumed along a non-
fed period of the batch, can be used as strategy to promote lipid
accumulation. Takagi et al. (2000) found that the intracellular lipid
contents in cells harvested at the end of cultures with intermittent
nitrate feeding during log and stationary phases were surprisingly
higher (50.9% and 51.5% lipids in dry weight) than those in cultures
with an initial nitrate concentration of 9.9 mM without nitrate
feeding (31.0% lipids in dry weight).
3.3. Semi-continuous cultivation mode
Fig. 2c and d, respectively, show growth proﬁle and consump-
tion of nitrate in the semi-continuous culture. The maximum con-
centration of biomass was 1.51 ± 0.13 g/L and the average speciﬁc
growth rate was 0.30 d1. The nitrate consumption by the cell pop-
ulation occurred rapidly after a replacement of culture medium.
Within 24 h almost all nitrate added was taken up by cells, despite
no identiﬁcation of exponential growth. This phenomenon could
be attributed to a cellular mechanism of adaptation to nitrogen
shortage through an intracellular accumulation of N (inorganic
pools). In case of nitrogen shortage, cell consumes the inorganic
N pool. When N supply is re-established, a rapid assimilatory pro-
cess occurs, followed by a new period of inorganic pools rebuilding
(Lavín and Lourenço, 2005). The observed range of pH was very
narrow, between 7.3 and 7.6.
The cultivation performance under semi-continuous mode
reached an average biomass productivity of 0.51 ± 0.13 g/(L d)
and lipid productivity of 0.070 ± 0.030 g/(L d). Carbohydrate con-
tent ranged from 13.14% to 26.11% (Fig. 2e) whereas lipid content
in biomass ranged from 6.7% to 16.47% (Fig. 2f). Chiu et al. (2009)
growing Nannochloropsis oculata in semi-continuous cultures with
enriched aeration (5% v/v CO2) reported a productivity of 0.44 g/
(L d) in biomass and 0.113 g/(L d) in lipid.
Another factor with signiﬁcant inﬂuence on semi-continuous
productivity is the nutrient replacement frequency. Chiu et al.
(2009) conducted two semi-continuous cultivations with 1-day
and 3-day replacement frequencies. They observed greater produc-
tivity with 1-day replacement. However, lipid content was 10%
superior with a 3-day replacement frequency. This fact is directly
inﬂuenced by the growth phase of the culture. When the replace-
ment is done in a daily basis, there is an increase in cell growth,
i.e., biomass productivity increases and also does lipid productiv-
ity. When replacement was done after 2 or 3 days, deﬁciency in
nutrients occurs, and the cell metabolism moves towards accumu-
lation of organic compounds such as lipids reserves. The C:N ratio
in culture medium should be adjusted to an optimum productivity:
whereas nitrogen deﬁciency causes lipid accumulation, it
decreases biomass yield. A large availability of nitrogen in the
medium will increase the number of cells, but signiﬁcantly reduce
lipid accumulation (Hsieh and Wu, 2009).
Irradiance also directly affects nitrate uptake and cell growth.
The low biomass yield and nitrate uptake in the days following
the replacement day may be related to low light incidence result-
ing from increased density of the culture. The photosynthetic efﬁ-
ciency is highly affected by low irradiance. Hence, measurements
of photosynthetic activity were performed to identify this limita-
tion and are presented in the next section.
3.4. PAM ﬂuorometry
Pulse amplitude modulated (PAM) ﬂuorometry was used
to measure photochemical yield, electron transport rate and
Fig. 2. Experiments at intermittent fed batch (IFB) and semi-continuous (SC)modes with Isochrysis galbana cultured in F/2 medium with 5% (v/v) CO2 enriched air at 2 L/min1.
(a) IFB biomass concentration (g/L); (b) IFB residual nitrate concentration (mM); (c) SC biomass concentration (g/L); (d) SC residual nitrate concentration (mM); (e) SC
carbohydrates content in dry biomass (% w/w), (f) SC lipids content in dry biomass (% w/w). Symbols: s (observed experimental data), — (line connecting averaged observed
data), . . . (dotted line indicating lower and upper standard deviation), - - - (dashed line indicating lower and upper conﬁdence limits, for 95% probability and t0.975 = 4.3027).
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culture, when cell concentration was 0.642 g/L. The rapid light
curves (RLC) were performed with a sample of this concentrationand with a sample diluted by a factor of 2. Another sample was
adapted for 20 min to darkness before measurement of the maxi-
mum quantum efﬁciency. Photochemical yield (U) was measured
Table 1
Physiological parameters of Isochrysis galbana in semi-continuous mode (cell concen-
tration = 0.642 g/L).
Parameter PAR lmol
photons/(m2 s)
Quantum
yield (U)
ETR lmol
electrons/(m2 s)
Dark adapted (Fv/Fm) 0 0.717 ± 0.004 –
Light adapted (center
of reactor)
5 0.706 ± 0.023 1.482 ± 0.048
Light adapted (internal
reactor wall)
40 0.732 ± 0.023 12.292 ± 0.385
Fig. 3. Rapid light curves (RLC) of Isochrysis galbana from a semi-continuous mode.
Cell concentration () 0.642 g/L (j) 0.321 g/L.
M.C. Picardo et al. / Bioresource Technology 143 (2013) 242–250 249in situ, at the center of the reactor and near the inner surface, in or-
der to calculate ETR in the photosynthetic system PSII. Table 1 pre-
sents ﬂuorescence measurements and the ETR calculations. RLC
curves are shown in Fig. 3.
The maximum quantum efﬁciency is a characteristic of each
species of microalgae. I. galbana showed a maximum efﬁciency of
0.717, i.e., 72% of the light supplied to the cell is captured and used
in photosynthesis. On the other hand, the high irradiance increases
electron transport, which results in increased biomass production.
The irradiance was 5 lmol photons/(s m2) and 40 lmol photons/
(s m2), respectively, at the reactor center and at the inner side of
the glass wall, resulting in ETR values of 1.48 and 12.29, respec-
tively (Table 1). The low levels of ETR indicate the need to increase
irradiance in order to enhance photosynthetic efﬁciency and,
therefore, biomass productivity. Nevertheless, photochemical
yields were always close to the maximum between 0.676 and
0.788, indicating that the cells were not under nutritional limita-
tion (Kromkamp and Peene, 1999). RLC curves for different cell
concentrations were similar, since ETR is a characteristic of the spe-
cies of microalgae and light availability and does not directly de-
pend on cell concentration. Cosgrove (2007) obtained values for I.
galbana of maximun quantum yield (Fv/Fm) in the range of 0.738–
0.748 when varying the dark adaptation time. The author found
that, for cells grown in low light (approximately 54 lmol pho-
tons/(s m2)), the maximum value of Fv/Fm is obtained with only
30 s of darkness adaptation, and that longer periods of dark adap-
tation showed a tendency of fall in the Fv/Fm value.
After the ﬂuorescence measurements were performed, the
external irradiance, which was originally at 70 lmol photons/
(s m2), was increased to 180 lmol photons/(s m2), with the conse-
quence that cell growth reached 4.75 g/L under replacement of
nutrients in the reactor every two days (data not shown).4. Conclusions
I. galbana growth at batch, intermittent fed-batch and semi-
continuous operation modes with CO2 enrichment were conducted.Increased biomass productivity without signiﬁcant impact on lipid
accumulation was observed in batch mode with CO2 enriched com-
parison to the cultivation aerated with air only. The intermittent fed
batch cultivation mode was proved to be useful for lipid
accumulation.
The semi-continuous mode resulted in higher productivity due
to increased biomass concentration. Factors such as irradiance, C:N
ratio and nutrient replacement time are the parameters of greatest
impact on crop productivity in semi-continuous mode. The semi-
continuous cultivation showed superior productivity of biomass
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